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The copper anode spote (identifiable regions) 
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The discovery of GF erasers ans by avy" opened a vast field for 
the investigation ef the phenomena of the are discharge. Today, more 
than a century after ite discovery, there are still many hidden secrets 
soneorninyg the mechaniam of the are operatiane Although many facts 
concerning the exact mechanion of the operation of the aro are unknowm, 
the are 19 a convenient and widely empleyed tool of many industriel) and 
acientifie processes. Frequently unwanted ares will form in electrical 
eireuits and equipment and they are usually aecampanied by undesirable 
effects. It would seem evident that, if all the mochanions of the are 
wore known,sthen the desirable effects of the arc sould be utilised to 
their greatest extent while the widesirable effects could more readily 
be controlled. it was in an effert te find an explanation for some of 
the characteristics of the are mechanion that the work deeoribed in thie 


paper wae undertaken. Because of the nature of the experiments conducted, 


thie study is primarly directed towards investigating the effeete of the 
are at the anode. 

Before proceeding with a discuasion of these investigations it 
appears advisable to briefly outline a few of the presently assepted 
facts concerning the are nechanian and operations 

(a). Aree imy be formed between either aolid or Liquid eondusters. 

(b)e An ave oan not exixt in a complete veouun, but cocurs only 

vhen an atmosphere of some kind fille the apace between the 
electrodes. . 
(¢). Aree may be initiated byt 
(l)e Transition from a glow discharge. 


2). Initiation by a spare 
(3%). Initiation by seperation of contactas 
(4). Heating one or both electrodes to ineandescences , 

(@). The are ie characterised by high current densities. 

(4). The current in the are is sarried by both electrons and positive 
fon. 

(f)« Mo maxiawm Lindting value of are current appears to ontict. 

(g)» The potential drop assooigted with the are generally is in the 
Tange from 20 to 100 vejte and is umally non-linear with 
respect to the arc current. 

(h)« The potential drop associated with the are is usually considered 
as being composed of three separate and distinst voltage drops, 
nemely t~ 

(1). The anode Drop. 
(2). the Plaema Gradient. 
(3) the Gathode Brop. 

(A)+ Rmaaton of electrons fren the entnode a « neceoanry rogue 
nent for the 855 to exist. 

(4) Current densities of the order of 90,000 amperes per square 
sentinetor at the exthode spot have been mensured”. 

(i). Current densities of 300 amperes per square centimeter have 
boon measured in the are plasma”. 

(1)- Apparent current denaities of about 25,000 amperes per square 
centineter have been caleulated for the anode epot*. 

Resently an extensive sericea of investigations, under the sponsor 

ship of the Ofiee of Naval Nesearth, have been undertaken at the 


hte SS OS ——— ll 


Johne Hopkine University, for the purpose of attempting te add further 
information to the ahove partial list of facets known about the electric 
ares. Gne phase of these investigations, conducted with the high current 
dete ard, vere based on gertain phenomena firet observed by Kouwenhoven’ s 
it wae found that, when an are ia formed between a stationary eathode in 
the form of « rod and « moving anode in the form of a Pint metalic sure 
fase, a record of discrite apote of melted metal would be left on the 
anode. These apots have been oalled Anode dpots and besause of the method 
by whieh they are obtained,they effectively spread, in gpace, the action 
of the are on the anode. this ‘spreading in space’ of some of the effecta 
of the are onergiedfias aided in the study ef certain are phenonenay which 
had previously been obseured by the intense concentration of energy in a 
very axeil area at the anode. 

Prom a suggestion by Kouwenhoven and Jonoe’*??°#? vine nad developed 
ute and in an effort to extend the speed range obtained ty span f new 
ing the speed range to 10,000 feet per mimite. The apparatus was const~ 
rusted in such « manner as to permit inereasing thie speed range to two 


installation of an anode wheel made fron a suitable material. 


Ana brief bnekgrounffor the discussion of the investigation conduc~ 


od by the author in the field of ‘inode spote', the following partial 
summery of the work of the earlier investigations of the anode spot 
phenomena to prosented”s 115s 11s 2%, 26527 | These experiments have been 


carried out for high ourrent dsc. aros with relative motion of the elect- — 
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rodes up to on upper Limit of 4,000 feet per nimite for mild steol anode 
tapese Anodes of alvmimm, copper and ,ine tapes have also been uged up 
to speeds of 2,000 feet per mimte. Gxthodes of carbon, tungsten, steel 
and copper have beon expleyed. At all exeept the very low speeds the are 
forme diserete spete on the anode rather than « continuous tracks When 
the moving plane metal surface ia made negative wit: reapect to a stai~ 
tonary anode rod the eathode apet appears to trae a continvous track an 
the plane cathode surfaces In the lattor ease the are is such leas stable, 
For the mild steel anodes apparent current densities of the order of 
2,000 amperes per square centineter have bean observed”. 

in order to detemine the anode materials to be used in this invest- 
tigation, a. study of the resulte of the earlier investigations of the high 
current dec. are, in which the moving eleotrode techniquehad been exployed, 
was condusted., ‘this study indicated that the variation, with electrode 
@poed and are current, of the number of anode epote formed por inch and 
appeared to fall into the same pattern. However, for copper anodes the 
Variation of the mmber of anode apote formed por inch and the individval 
anode gpot arena did not fit thie same patterns Beomuse of thin differ- 
@neo, it woo devided to use copper as one of the anode materiale employed - 
in this investigation. Further, because of the marked similarity in the 
anodes and in view of the eane of handling it was decided thet alumina 
woukd be weed ap the sesend anede material explayed in thes investigations. 
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GAPERIMANTAL Avera RaATUy 


The experimental apparatus designed, sonstrucsted and operated by the 
auther for the purpose of obtaining additional information about the high 
current dece are anode spot phenomena is desoribed in the following seotions 
The description is perhaps best ascomplished by Piret deseribing the in- 
dividual physical couponente of the apparatus and then ¢oorelating those 
components by giving a detailed explination of the experimental teehni qe 
evolved for their use. 

Design requirenenta 

The physical design ef the experimental apparatus wan controlled hy 
the following requirenontss 

(a) The apparatus had te be capable of prodveing relative epecda up 
to ten thousand fect per minute between a oathode in the form of a rod 
and an anode in a fom that should olesely approximate an infinite plane, 
of the cathode. 

(b)» The cathode and anode mountings had te be of oush a nature aa 
to pormit mounting the various kinde of onthode and anode materials aa 
might be desired by the investigator. Moreover, these mountings had to 
fron the anode to the eathodes | . 

(co) the elestrionl portion of the apparatus had te be capable of 
up to oix hundred amperes and one hundred volts respectively. 

(4) The controls of the apparatus had te be oufficiently simple and 
arranged in auch a manner as to pemit a single investigator to easily 
operate all controle required for a particular oxporinent. 
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(@)s If practicable the magnetic proporties and the physital arrange- 
ment of the apparatus had to be of such a nature as te enue the least 


disturbance to the ards 
GENERAL DESCRIPTION OF THE APPARATUS 


‘Figure 1 shows q general view of the apparatus assembled in an ettenpt 
to fulfill the above requiresente. The apparatus consists of the following 
main asseublies and equipment; (a) the anode assembly, (b) the cathode 
assenbly, (¢) the are starting mechanien, (4) the are power supply, 

{e) the control panel, (f) the anode speed,are current and arc voltage 
measuring equipment and (g) the high speed casera for high speed phote~ 
graphie recording. 

The anode assembly consists essentially of a large cast iron wheal 
with ite shaft horisontal. The anode aaterial, after being formed into 
@ continuous circular tape about six inches in width, was mounted on the 
periphery of the whesl. ‘The rotation of the wheel carried the anode past 
the cathode mounted on a carriage slung from two parallel guides, This 
mounting pernitted the cathode carriage to be dram in the direction of +44 
axis of rotation of the anode whecl. 

The cathode mounting was constructed so that the extension of the 
centerline of the exthode rod intersects the axis of rotation of the 
anode wheel and is perpendicular to the anode at their point of inter- 
Section, The combination of the rotation of the anode tape and the 
linear notion of the cathode can be adjusted to cause the intersection 
ef the cathode rod centerline, extended, and the anode surface to trace 
out a helicial path on the anode sufface, thus spreading in space the 
are phenomena recorded at the anode surface. 


ANODE ASSEMBLE DETAILS 

Se ender to atudaiee ony alvesse effects of vibeathen: the anelt 
wheel mounting was made as sturdy as practicable. The mounting consists 
of a metal table composed of four cast iron supports bolted te the floor 
and topped with a steel plate four feet long, three fect wide and one 
inch thick. The anode wheel axle is three and one quarter inches in 
diemeter, aapproximatly four and one half feet long and is carried by tw 
high speed Timpken roller bearings. The axle bearings are securely bolted 
to the steel table top by »eans of three quarter inch thru bolts. The 
east iron anode wheel is pressed on this shaft and locked into place by 
means of a one half dneh square key, The ancde thes and axle exeestly, 
with ite sounting base, weighs approximately three quarters of a ton, 
The periphery of the anode wheel has a face seven and one half inches 
wide with a alight crom, The se<iuiw diameter at the eenter of the 
wheel face is thirty five and one half inches. This diameter decreases 
to 340444 inches at the outer edges of the wheel face, By making the 
inner cireufference of a continuous anode tape 111.537 inchs long, the — 
tape could be securely locked on the periphery of the anode wheel by 
utilising the taper of the face of the anode wheel and forcing metal 
shins thirty thousandthe of an inch thick under the outer edge of the 
anode tape, The anode wheel is driven by three ‘vee’! belts from a three 
horsepower, direct current, variable speed moter. To prevent the large 
are currente from flowing through the anode shaft roller bearings, the 
electrical connection frou the anode tothe are current generator oireuit 
wiring 1s completed through a slip ring,mounted on the anode wheel driving 
shaft, and four carbon brushes. The total brush contact area is approximatly 
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ten square inches. 

The ancde driving moter is rated at three horsepower at 1250 RPM and 
at full load draws eighteen and one half amperes from a 220 volt supply, 
By meane of the pulley drive the anode wheel ean be driven up te 1200 RPM, 
Corresponding to a relative speed of the anode surface past the cathode 
of approxinately eleven thousend feet per minute. To provide for the 
range of anode speeds desired, the stator field windings of the anode 
drive moter were eormected to the 220 volt direct current supply while 
the armature ciroult was arranged so as to permit connecting the arma- 
ture to either the 110 volt or the 220 wilt direct current sources, 
Additional speed control is provided by ineluding a variable series 
resistor in the armature cirqit. The resistor used is a standard lab- 
oratory lamp bank and is connected so that, in addition to providing the 
speed control desired, it ean be switched so as to provide a diseapative 
load for dynamic brakeing of the anode wheel at the conclusion of « run, 


The cathode esvenbly consists of a carriage, containing an electrede 
holder, which 4s mounted on two one half inch round guides thus permit- 
ting the cathode carriage to be moved parallel to the surface of the 
anode in « direction perpendicular to the direction of motion of the 
anode, Pigures 20nd 3. show the detaile of the eathede assembly, the 
cathode carriage ie dram along its guides by means of « pulley wire 
connected to the cathode drive motor pulley wheel, The cathode drive 
motor is secured to the lower surfees of the cathode assembly mounting 


base, In order to prevent the pitch of the helix traced on the encode, 


by the anode spots, from becomming too snall and thus, by the overlapping 
ef the anode spots, obecure the desired record of anode spot phenomena 
ané further, to inaure thet the maximum sumber of identifiable traces cext> 
be obtained with a minimus expenditure of anode material, it is nessss- 
ary to correlate the speed of the cathode carriage with the speed of the 
anode. To provide the range of speeds required, the cathode drive motor 
has a variable series resistor connected in its armature cirouit. In 
order to prevent damage to the cathode carriage and the instruments 
mounted theresa, 0 dvive pulley-ulre Gissenneet can 16 inetabled to 
unhook the cathode carriage from the cathode drive wire when this carriage 
has traveled the full distance past the anode. As a further precaution, 
a knife suiteh, located in the sathoddirive wotor amature cirouit, is 
mounted so that it will be opened by the cathode carriage when the 
carriage has traveled beyond the anode. The entire cathode assexbly is 
mounted on « wooden base eight feet long, eight inches wide and tw 
inehes thick, This woden base performs the dual functions of providing 
a rigid mounting for the cathode assembly and insulates this ascenbly 
from the anode assenbly, 


Figures 2, and 3. show the mechanisa used to start the are between 
the moving anode and the stationary cathode, This assembly consists of 
@ carbon rod mounted in a pivot arm which is positioned so that when 
the pivet arm is rotated, by means of its remote control line, the carbon 
rod will swing up and simultaneously touch the anode and the cathede 
thus completing the are circuit. This shorting rod is held in position 
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long enough for the cathode to heat up sufficiently for the are to nain- 
tain iteelf after the shorting rod tas been permitted to swing back to 
ite neutral position. 


ARC POWER SUPPLY AND WIRING CONNECTIONS 


The power supply used for the are current is a General Electric, 
three hundred ampere, portable welding generator, This machine ws 
designed as a constant current source and is equipped with controls for 
varing the current supplied, fron « minimum of about 40 amperes to a 
waxinum of about 425 amperes. 

The wiring connections between the welding generator and the anode 
and cathode assenblies are made by neans of eix mmdred ampere welding 
cable, This circuit contains four hundred ampere fuses to protect 
the welding generator. It also contains a heavy duty double pole kmife 
switch to interrupt the are current when desired. 


MISCELLANEOUS RECOKDING EQUIPMENT 


The are ourrent is measured and recorded on an Esterline-ingue record- 


ing ameter, The current shunts used with the recording ameter fe 
eonnected in the anode portion of the are circuit wiring. The are 

potential drop ie measured and recorded by means of an Esterline-Angus 
recording voltmeter connected across the anode and cathode assemblies, 
The recording ueters may be sesn in the foreground of Figure 1. The 

meter shown in Figures 2. and 3, is a Triplett milliemeter, This silli- 
ammeter was connected across a current shunt in the anode wiring eirouit 
and is used to indicate are current. Its location ws choosen so that 
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4t wuld be in the field of view of the high speed camera used to phote~- 
graph the are, thus providing photographic coorelation between the in- 
stantaneous appewrance of the are and the are current. 

The 16 mm Kodak high speed motion picture camera, with ite 63 wm, £/2.7 
lens, showm in Figure 1. is used to photograph the are. These high speed 
photographs may be used to ‘spread in tine’ the action of the are. 

The anode wheel rotational speed is measured by means of the Stroba- 
scope with its connected Strobalux, both of which may be seon in Figure 1. 


EQUIPMENT LIMITATIONS 


The one serious shortcoming of the experimental apparatus is the 
upper liait of are eurrent that can be supplied by the single walding 
generator. This limitation was particularly serious at the higher values 
of anode spect where the maximum value of shout 350 amperes evuiiaiis 
was only a few percent greater than the minimm current required to 
maintain a stable arc. In fact, although the apparatus, as designed 
and constructed, would permit anode speeds of 10,000 feet per minute, 
it was not possible to investigate the are phenomena at anode speeds 
greater than £,000 feet per minute because of this limitation, 

The natural nechanical vibrational frequency of the anode assenbly 
Was excited at anode speeds of 4,000 and 6,000 feet per minute. The 
amplitude of the vibrations produced at these speeds was large enough 
to make signifacant changes in the electrode seperation. For this 
reason, no attempt was made to obtain data in the neighborhood of these — 
speeds. 

One further minor limitation seens worthy of mention. The saxieun 
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objective magnification obtainable in the microscope used te measure the 
anode spot diameters was six power, with a field of view of approximately 
1/50 square centineters, Although « snaller field of view would not have 
been scceptable, the reletively suall objective magnification of the 
microscope restricted the accuracy of measurements of the anode spot 
Gieneters to about plus or minus 1/500 centimeters. This accuracy linit~ 
tation became significant only when measuring spot diameters of the order 
of 1/50 centineters or less, Fortunately, anode spot diameters of this 
magnitude were encountered only at the very highest speeds investigated 
and then only on the copper anodes. 


Thie section of this paper is devote’ to a discussion of the steps 
taken in the gathering of the experimental data. At appropiate points 
in the discussion, detailed descriptions of the necessary preperations 
preliminary to the runs are included as are explanations of the special 
preeautions that were observed during the gathering of the experimental 
date. 

Anode tape usterial ef copper end aluminum were eut from commercially 
pure metals and formed into continuous heeps, These hoops were six 
inches wide and bad an inner cireunference of 111.537 inches, correspond- 
ing to the meximun outer diauster of the anode wheel. In order that 
the tapes might be accurately constructed, a jig for holding the tape 
materiel during layout wes built. The jig securely held one end of the 
tape material at a seribe line while the material was unrolled towards 
the second scribe. Prior to cutting the tape at the second seribe, « 
voller was passed over the tape to insure that the tape had not humped 
at any point between the two scribe lines. After accurately sarking 
the tape metal, the section was out from the roll two inches past the 
seribe line, The two additional inches of the tape metal wore then used — 
as a lap joint to form the tape into a continuous hoop, Although it was 
impractical to determine the exact diameter of the circular hoops thus 
constructed, from the close fits obtained, it was estinated that the 
maxioum deviation of the diameter of any anode hoop, from the desired 
diameter of 35,500 inches, ws not more than plus or minue five one 
thousandths of an inch, The ends of the aluninum tapes were joined 
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together by spot welding, efter one end of the tape had been securely 
GClamped at the scribe ugrk approximately two inches from the other end 
of the tape, Each joint ws secured by means of sixty spot welds. lle 
evidence of any tendency for the joints to fail due to the centrifugal 
or tangential forces developed by spinning the tapes mounted on the anode 
wheel was noted. 
& The copper tape lap joints were made by means of low melting point 
solder, consisting of fifty percent tin and fifty percent lead. The 
lapped portions of the joint were first cleaned with dilute hydrochloric 
acid and then tinned to insure a wifes joint. After properly locating 
the relative positions of the ends of the copper tapes, they were clamp- 
od daie ceeten seh shentiten sine The joint was then heated above 
the melting point of the solder by means of bunsen burners, ‘hile the 
solder was in the liquid state, the lap joint ms subjected to « compe 
seceine poenenre of chews honk. ene per eqmare teats This compressive 
proceure squeceed ous the ensces colder ond insured a sniies flat joint, 
Bvery effort was made to prevent the face of the copper anode that was 
to be exposed te the are from being coated with solder, However, it was 
found, that in order to insure a tight joint at the eiges of the lap, 
it was necessary to extend the solder tinning coat approximately one 
eight to one quarter inch past the edge of the lap joint. As in the 
case of the alusinum tapes, no failures of the lap joints were noted. 

In order to mount the anode tapes an the anode wheel, a jig was 
constructed that would hold the flexible anode tapes in ea circular 
shape while these tapes were being jockied into position on the anode 
wheel, This jig may be seen in the background of Figure 1. 

_ After the tapes were centered on the face of the anode wheel they 
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were locked inte place by forcing on shins, thirty thousands of 

an inch thick, under the outer edges of the tapes. The anode wheel was 
then rotated slowly, by hand, and the distance between the anode tepe and 
the eathode carriage was checked to insure that the anode tape surface 

had no ecoentricity, Any eccentricity noted wag corrected by the ingert~ 
ion of shin brass of the required thickness under appropriate portions 

of the anode tape. The preperation of the anode surface took four forns, 
namelys= 

(9). A limited number of runs were nade on both aluminum and 
copper anode surfaces with no special preperation except 
to wipe off the surface dust. 

(bd). A Limited number of runs were made on both aluminum and copper 
anodes after the surfaces had been roughened slightly by 
rotating the anode surface against a steel wire brush. : 

(e). A few runs were made after the copper oxide hed been re~ 
moved from the copper anode surfaces by means of a dilute 
hydrochloric acid bath. | 

(4). The majority of the runs were nade after the anode surfaces 
had been serubbed with carbon tetrachloride, Part of the 
runs outlined in (b) above were made after the roughened 
eurface had bean cleaned with carbon tetrachloride and the 
venainder without this cleaning. 

At this point it should be noted that all the quantitative data pre- 
sented in this paper, exeept where specifically indicated, is based 
upon anode surfaces prepared as in (d) above, 

In order to conserve the critical anode material, while obtaining 
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the large quantity of data required, the 145 inch widthe of the anode 
tapes were divided inte three parts by means of one quarter inch maske 
ing tape. In most cases this masking tape acted as an insulating strip 
and caused the are to extinguish as the are path me driven across 
the dividing strips. In a few cases, particularly for the higher 
values of are current and the lower values of anode speed, it was 
found that the are could not be made to extinguish at this dividing 
tape unless the width of the tape was increased to about three quarters 
of an inch. 

| The cathode material that was employed for the investigations, 
covered in this paper, was carbon in all cases, This carbon ws forme 
ed inte rods one quarter of an inch in diameter and approximately 
eight inches long. The tips of the carbon rods were out off perpen- 
dicular to the axises of the rods. The carbon rod was inserted inte 
the brass receptical on the cathode carriage, where it was heldin 
place by four thumb screws, This method of securing the carbon rods — 
prevented any motion of the rod in its receptical and provided a 
pressure contact for the are current to pass from the cathode recept~ 
ieal to the carbon cathode, Prior to tightening the thumb serews on 


the cathode receptical, the tip of the carbon rod was placed one eighth - 


of an ineh from the anode surface. This adjustment was invariably 
made by means of a calibrated wedge that had been built for the purpose, 
At the conclusion of the run this distance was again measured. If, 

due to the vaporization of the carbon or any other cause, the distance 
between the anode surface and the cathode tip had increased by more 
than five percent during the course of « particular run, the date obtain- 
ed therefrom was discarded and the run repeated. Due to the relatively 
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high rate of combination of the carbon with the oxygen of the surround- 
ing atmosphere, particulerly at the higher are currents, the dianeter 
ef the cathode red decreased appreciably in a very short time. In the 
intrest of reproduceability of resulis, the cathode diameter was 
measured prior to and at the conclusion of each run. If, during « run, 
it had decreased by as muuch as five percent the deta was discarded and 
the run repeated with a shorter total burning time for the ere, thus 
bringing the cathode diameter change to within the maximum acceptable 
value. 

After preparing the anode tape surface and properly positioning 
the carbon cathode rod, the cathode carriage was connected te the 
carriage drive pulley wire and the high speed motion picture camera 
was focused, if it were to be employed for that particular run. The 
anode wheel drive motor was then turned on and the anode wheel slowly 
brought up to speed by means of the variable series resistor conmected 
in ite armature circuit. The anode wheel speed was continuously 
deterained by means of the strobascope. This strobascope had been 
Calibrated with the aid of a aynchronous motor, Because the stroba~- 
seope’s minimum flashing rate was approximately eight hundred per 
minute and because the accuracy of ite internal scale increased fron 
ninety eight percent,at the lower repetition rates, to better than 
ninety nine and one half percent at the higher values of scale setK; 
ing, the anode wheel speed was measured by causing the strobascops to 
flash at six tines the angular specd of the anode wheel, This uethod 
of determining the anode wheel speed permitted using the strobascope 
to measure wheel speeds fron approsimately one hundred fifty revolut- 
ions per minute, with errors of less than two percent, 
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When the anode wheel had been steadied at the desired speedy the 
welding generator, used as the are current source, was turned on and 
allowed to run for a short time to permit it to reach ite maximum 
rotational speed. The recording voltmeter and ameter, after being 
out for théke nantauh epesd. of pener tenvel, (tedive ances een etattes 
were then turned on, The knife switch connecting the the welding 
generator to the anode and cathode wiring circuits was then closed. 
The control line to the arc starting mechanign was then manipulated 
so as to swing the carbon shorting rod up inte position to short the 
air gap between the moving anode tape and the cathode electrode, After 
momentarily shorting the anode to the cathode, the are starting control . 
line was released and the windage from the anode wheel caused the 
shorting carbon to swing clear of the are. 

If high speed photographs were to be taken, the camera switch was 
then closed. The arc was allowed to burh for approximately three 
seconds while holding the cathode carriage stationary, This short 
time delay permitted the high speed camera to begin to approach its 
maximum speed and further, permitted the welding generator to attempt 
to settle down under the suddenly applied load. After this short time 
delay the cathode drive motor was turned on causing the are to trace 
out a helical path on the anode. During the initial preperation for 
the run, the variable series resistor in the amature cirouit of the 
cathode drive motor, was set to give this heleceal path a pitch of about 
ome helf inch, When the cathode traced ite path over the anode insulat- 
ing strips or when the cathode traveled beyond the fece of the anode 
wheel, the are would automatically iteelf. As the cathode carriage 
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moved further dow ite guides, it would first trip the knife sriteh 
in the cathode drive motor circuit and then emgage the cam that would 
disconnect the carriage drive pulley wire from the darriage. The app- 
roximate time that the arc would burn during any one run varied from 
SEAS tu cha coins Uebeathng eer tes titel tt ene Caw da 
ode was allowed to remain stationary anid the speed of the cathode 
carriage. Immediately after the are extinguished, the anode wheel 
@peed was again measured to insure that it hed not varied during the 
run, The are current generator was then shut down, the recording 
neters stopped and the dissipative load resistor, in the armature 
eireuit of the anode motor, was connected to act es a dynamic brake 
te stop the anode wheel. Les ene diene wited ‘etegyen, ‘Who ‘aunts tape 
was checked for any possible loosness that wight have developed during 
the run, the condition of the lap joint was inspected and the cathode 
diameter and the distance between the anode surface and cathode tip 
measured, 

After cutting the anode tape from the anode wheel, it wae numbered 
for positive future identification by means of metal numbering punches, 
The surface of the anode tape was then divided into ten inch lengths, 
The eleven inches of anode tape steaddling the lap joit was excluded 
_ from this division, The total number of anode spote formed in each row 
of enh ten inch sectionfens counted and divided by ten to obtain the 
munber of spots formed per inch. The number of spots per inch, eal- 
culate! for each ten inch row, was then compared with the average 
value obtained from a consideration of all the ten inch rows. The 
values from those ten inch rows that differed from this average 
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by more then five pereent were discarded and «a new average calculated, 
This selective averaging was necessary because of two conditions encount~ 
ered during the course of each run. First, when striking the are and 
for about three seconds after ignition, the onthode asséably wae held 
stationary. The burining of the are during this period rapidly 
coated a narrow band of the anode surface with a heavy deposit of 
carbon, After phtting the cathode assembly in motion the number of anode 
spots formed per inch was about ten percent higher than the average 
value for the run, This variation in the number of spote formed per 
inch deerfased until the steady state value was reached after the 
cathode had moved approximately one half inch past that portion of the 
anode which had becone coated with the heavy deposits of carbon. 
Second, As the cathode tip crossed over the insuleting tape,used to 
divide the anode into sections, instead of the are extinguishing 
immediately, the are would continue to burn until the trailing edge 
of the cathode had moved about one eighth of an inch pastthe covered 
portion of the anode. During this brief period, the number of spots 
formed per inch would rapidly decrease to a value between twelve and 
two percent of the steady state value without any appreciable change 
in the recorded value of the are current, This last phenomena was 
also observed to occur when the cathode tip moved beyongthe face of 
the anode surface. | 

After the average value of ‘spots per inch' hed been determined, 
the major and minor axises of the individual spots were measured in 
the two ten inch rows of spote whose value of 'spote per inch’ most 
Closely approached the average value of the calculated 'spots per inch’ 


for the entire tape. The spot major and minor dianeters were measured 
by meane of a calibrated scele installed in the eyeptece of a micro- 
scope, The average area of the spots forme: during each run was then 
determined by assuming that the spots were elliptical is shape. Figures 
4. through 10, show the microscope calibrated scale superimposed on 
enlarge photographs of the aluminum and eopper anode spots. Bach 
major subdivieion of the scale represents a measurement of one sixth 
of ¢ millimeter, thile cash miner gubdivieion veprece@te 0 neasurenent 
of 1/120 millimeter. To facilitate the measurement of the spot diameters, 
the heavy deposits of copper oxide surrounding the spots formed on the 
copper tapes were first removed by means of a dilute hydrochloric 
acid bath, Because of the difficulty of revoving the aluminum oxide 
from around the aluminum spots, these spote were placed under the 
microscope for exanination and spot diameter measurenent just as they 
came from the test apparatus. 

Bach value of 'spote per inch’, shown on the graphs in this paper, 
represent the average obtained by counting four to five thousand spots 
per run. Each value of ‘anode spot area’, show on these graphs, was 
obtained by measuring the major and minor dianeters of approximately 
two hundred spote for each run. The number of runs used to detemine 
the curves plotted on the graphe is tabulated in Table I. Again it is 
emphasized that the curves were constructed from data obteined using 
anode surfaces whoge only preperation was a through cleaning with « 
carbon tetrachloride scrubbing. Where presented, curves obtained 
by using anodes surfaces different frou above , the curves are so 
labeled. 
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The discussion in this section will eover the general findings of 
the experimental investigations. In particular, the following subjects 
will be covered in the order indicateds- 

(a). Are paraneters controlled, with specific attention toe the 

details and methods employed in controlling these paraneters. 

(b). The determination of the variation, with are current and 
electrode speed, of the are potential drop. 

(eo). The existance of a winimun or ‘threshold’ current whose value 
is dependant upon the anode material, the anode speed and the 
anode surface condition, 

(4). The general gppearance of the anode spot trace, with specific 
attention to the two major types of variationsthat occur to 
disrupt the the appearance of the normally unifors, regular 
spot trace. 

(e). A discussion of the graphe obtained by plotting the number 
ef anode spots forned per inch of anode surface and the graphs 
obtained by plotting the number of anode spots formed per 
second. 

(£). A description of the appecrance of X¢h anode spote 2 viewed 
through a microscope with the differences between the appear- 
ances of the aluminum anode spote and the copper anode spots. 

(g). A description of the method used to determine the anode spot 
areas and 9 discussion of the graphs obteined by plotting the 
anode spot areas, 


{h), A discussion of the significance of the graphs showing the 

apparent current densities, 

(4). A G@iseussion of the melted anode area obtained per unit tine. 

(4). A diseussion of the apparent surface melting efficiency of 

the are. 

Thie section will be concluded with a sumary of the mere signif- 
ieant points herein covered in detail. 

A® previously mentioned, the high current, high speed electrode, 
direct current are is particularly well suited to the study of phenon- 
ene occuring at the anode of the are, This paper, therefore, is restrict- 
ed to « diseussion of certain phenomena occuring at the anode, 


ARC PARAMETERS 

During the course of the investigation herein reported, the follow 

ing are parameters were control|ed:- 

(a). CATHODE MATBRIAL Carbon cathodes were used exclusively 
throughout the series of experiments, They were made in the 
form on 1/4 inch diameter rods, eight inches long. The cath- 
ode rods were arc carbons manufactured by the National Carbon 
Company of Cleveland and San Francisco. 

(b). ANODE MATERIAL Gownercially pure, cold rolled, copper 
and aluminun strips, six inches @ide and 0,030 inches thick 
were used, The surface of the anode metals was usually cleaned 
by serubbing with carbon tetrachloride, although a few were 
not wo cleaned. A limited number of runs were wade with 
the surfaces oxide of the copper anode removed by using a 
dilute hydrechloric acid wash, 4 few runs were made with the 
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anode surface roughened slightly by reteting the anode against 

a steel wire brush. Nelf of these latter tapes were subsequently 
eleaned with carbon tetrachloride and the remainder were not. 
The data presented in this paper is based upen experiments 
conducted using cleaned unroughened anode surfaces. Where the 
use of unclesned or roughened anode surfaces produced sign- 
ificantly different phenomena that fact is noted im the dis- 
cussion. 

(e), ANODE SPEED Speeds from 1,000 to 10,000 feet per uinute were 
employed with the emphasis placed on the speed range from 
3,000 to &,000 feet per minute, 

(4), GATHODE SPEEDS Speeds from five to fifty feet per minute 
were used, It should be noted that the relative speed between 
the anode and the cathode is the variable plotted in Figures 
11, through 37, However, because the cathode specd never 
exceeded three percent of the anode speed, it is felt that 
no appreciable differences in the other seasured variables 
would have been detectable had the entire relative speed been 
produced soley by motion of the anode, 

(0). ANODE ~ CATHODE SEPERATION For all rune conducted during 
thie investigation the electrode seperation was set at 1/8 
inch and maintained withén five percent of this value, It 
was deemed advisable to maintain this tolerance because of 
the variation, with electrode seperation, of the number of 
anode spote formed per inch, noted by Skolnik”? in nis report 
of investigations conducted at lower anode speeds. 
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(f). ARC GURPENT The control of the are current was only roughly 
predictable when the current controls of the General Electric, 

300 ampere welding generator, used es the arc current power 
supply, were employed. Normally, the are current was from 
twenty five te one hundred amperes less than the value set on 
‘the controls. This variation appeared to be dependent upon 
the magnitude of the are current, the anode speed and the 
condition of the surface of the anode, In view of the extren- 
ely short time that the are could be allowed to renain burn- 
ing, it was deemed impractical to attempt to adjust the are 
eurrent to an exact value, However, at all times the Esterline- 
Angus recording ammeter wae used to meke a permanant record 
of the are current, 

(g). ATMOSPHERIC HUMIDITY Because of the variation, with atmo- 
spheric humidity, of the gre voltage, for constant values of (= — 
are current, reported by Skolnik”? ererimental data was 
gathered only when the moisture content of the surrounding 
atmosphere approached 7.56 graine per cubic foot of air. This 
moisture content corresponds approximately to a relative 
humidity of eighty percent at a temperture of 75° F, 

Frequently the required moisture content of the air in the 

sect containing the expentuentel apparatus evalé be suised “A 
to the desired value by the use of heated evaporating trays, 

Wo peans were available for decreasing the noisture content of 
the air except to wait for a change of weather. 
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ARC POTENTIAL DROP 


(a). Method of measurement 
Because of the high speed of the anode, it was impracticable 
to attempt to touch the cathode tip and the portion of the anode surface 
directly under this tip with probes while the are was burning. Because 
the pres@nce of probes in the are column iteelf would disturb the normal - 
operation” and because of the uncertainty of the exact location of 
the anode end of the arc’?7*"r1ls25 1. eating probe method of 


of measuring the are potential drop was alao discarded as not feasable. 
As @ practicable method of obtaining rough values of the are potential 
@rop, for the various anode specds and gre currents, the recording . 
voltmeter ws connected across the cathode receptioal and the anode 
brush rigging. The ohmic resistance of the anode wheel and axle between 
the section of the anode under the cathode tip and the anode esseubly 
slip rings was measured, The potential drop 0 the cathode, from its 
receptical to its tip, ws also seasured for various values of current. 
The brush contact potential drop was assuned to be 1.3 vohte, 
(bo). Plot of the are potential drop 

After correcting the measured value of the potential drop 
between the eathode receptical and the anode brush rigging, for the 
caleulated values of the 'IR’ drop in the anode wheel assembly and the 
cathode electrode and after making the estimated correction for brush 
drop, the variation, with are current, of the potential drop of the 
are was plotted in Figure 11, for various values of anode speed. In 
this edmittedly rough estimate, there is no discernable difference t= 
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in the are potential drop measured for the two anode metals (copper 
and aluainum) used in these experiments. This result differs from 
that shown by Spenn@® gor stationary bare electrodes of the sane netals. 
Spann indicates a difference in are potential drep of approximately 
three percent for the ares between stationary aluminum electrodes 
and stationery copper electrodes. Because of the uncertinaty in the 
actual value of the anode assembly brush potential drop and the unaveid- 
able inaccuracies introduced in the calculation of the heated cathode 
potential drop, the author estimates that the are potential drops noted 
en Figure 11. may be in errer by as euch as five percent. Therefore if 
a variation of the saue omer as found by Spann for the case of the 
stationary electrodes also exists in the high electrode speed are, this 
variation could easily be aasked by inaccuracies of the potential 
drop determination, 

(0) Sffeots of surface condition of the anode i. 

Tt is to be noted that the deta show in Figure 11. was obtain- 

ed with clean unroughened anode surfaces. However, a slight roughening 
of the anode surface by means of a steel wire brush had no noticeable 
effect on the are potential drop, wheress, the presence of surface dirt, 
heavy coating of the anode metal oxide, or carbon deposits, on the 
anode surface appeared to cause a decrease in the are potential drop 
of the onddr of one to two percent, Because of the difficulties 
encountered in trying to create uniformly dirty or uniformly coated 
anode surfaces, reproducable results were not obtainable. 
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THRESHOLD CURRENT 
(a) Previous investigations 

Previous investigetors of the high current high electrode speed 
are had discovered that for each value of anode « cathodes seperation, 
anode speed and electrode material, there appeared to be ao ainisum or 
'threshold' value of are current dependent on the variables mentioned 
above. For current values below this 'threshold' the arc either could 
not be ignited or was not stable, 

(bd). Methods for determining the ‘threshold current’ 

At the suggestion of Jonos’*™” the author atteupted to eateblish 
exact values of this ‘threshold' current for the range of speeds herein 
euployed and for an electrode seperation of one eighth of an inch, It 
was determined that the 'threshold' value of the are current, for any 
value of anode speed, could be located by three methods. 

(1). This 'threshodd' value could be found by determining the 

minimus current required to ignite a stable are by shorting the 

année to the cathode gall thin Hemeving the thevting tnetounent 

from the vicinity of the arc while the anode was traveling at 

a constant speed. 

(2). The ‘threshold’ value could also be determined by holding the - 

noting the value of ase current when the are extinguished. — 

(3). The third method was to hold the are current constant and 

inerease the anode epeed until the are extinguished. 

All three methods were used to locate the ‘threshold’ current 
value for currents up to two bundrie amperes. Methods (2) and (3) gave 


identical results, while method (1) usually gave values of three to 
five amperes less. For eurrents above two hundred amperes, because 
of the relatively slow acceleration of the heavy anode wheel and because 
of the increase, with time, in the distance between the cathode tip and 
the anode surface, due to the thermal reactions at the cathode, it 
was impossible to reach the anode speed necessary for extinguishing 
the are before the electrode seperation had increased to an unacceptable 
value, Therefore, for are currents abofe two hundred amperes, the 
methods (1) and (2) were used to determine the value of ‘threshold’ 
current. In the case of disagreement between the values obteined by 
using these two methods, the value obtained by the proceedure of 
reducing the arc current was accepted as the more accurate. 
(¢). Plot of ‘threshold! current for eluninun anode 

Figure 12, is a plot of the variation, with anode speed, of 
the minimum or 'threshold' current for aluminum and copper anodes, 
It is to be noted that the 'threshold' value for the Aluninun anode 
is greatly effected by the surface condition. The lower curve was 
obtained by using the aluminum tape just as supplied by the rolling 
mill, except that it was wiped with e clean dry cloth before each run. 
This wiping of course did not remove the ever present surface coating 
of aluminum oxide, nor did it appreciably disturb the thin grease 
coating placed on the surface during the rolling operation. The 
upper curve of ‘threshold' current was obtained only after the surface 
dirt hed been removed from the aluminum anode by serubbing with carbon 
tetrachloride, This cleaning did not remove the aluminum oxide coating 
from the anode, but it was an effective method of removing the grease 


30 


from the surface of the anode, These two curves give a clue as to why 
an apparently steble arc of three to five amperes lese than the 'thres- 
hold’ eurrent could be initiated by shorting the anode te the cathode 
by @ carbon shorting rod. It appears probable that the rubbing of the 
shorting rod against the moving anode could grind off some of this 
carbon shorting rod and if the carbon dust settled on the anode, it | 
would make the anode appear slightly ‘dirty’, consequently the miniaun 
or ‘threshold’ current thus determined would tend to approach the 
Value shown on the lower of the curves, Both curves for the aluminum 
anode appear to sppreach asymptotically to a constant minimum 'threshold' 
current of about forty amperes for anode speeds below 1,000 feet per 
minute, while for anode speeds above 3,000 feet per minute the ‘thres- 
hold’ current ineseases linearly with anode speed. In the linear 
portion of the curves the slope of the ‘threshold’ current for the 
Gleened alusinum anode is three and one half times the slope of the 
curve for the ‘dirty’ aluminum anode, 
(4). Plet of ‘threshold’ current for copper anode 

Yor copper anodes the value of the jinimm or ' threshold’ 
current did not appear to be dependent upon the condition of the anode 
surface, A single emooth curve bhing obtained from points measured 
using both types of surfaces (ie, cleaned and uneleaned). At the 
lower values of anode speeds the ‘threshold’ value of are current 
asymptotically approaches a uinimm value of about eighty amperes. 
This value agrees fairly well with the value obtained by Kouwenhoven, 
Jones and List””, At the higher values of anode speed the minimun value 
for the are current ineréases linearly with anode speed. The slope of 
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the curve of the ‘threshold’ current , for the copper anodd, is less 
than that for the clean alumingw anode, but it is greater than that 
for the ‘dirty’ aluminum anode. 
ANODE SPOT TRACE APPEARANCE 

(a). General appearance of the low speed anode spot trace 

Figure 13. shows a typical view of the amode spots recorded 

on q copper tape by a stable arc and is representitive of the anode 
spot traces obtained at the lower values of aro current and anode 
speeds up te about 4,000 feet per minute. It ig to be noted that the 
d@ist@nee between spots, in the direction of the trace of the relative 
motion between the anode and eathode, are fairly uniform. ‘The general 
appearance of the aluminum anode tapes are very similar, except for 
the small differences in spot seperation and the differences in the 
spot sise. However, as indicated later, microscopic examination of 
the individual spots show significant differences in the appearance of 
these individual spots. 

(b). ‘tultiple’ spot trace 

Under certain conditions of anode speed and arc current, 

the uniformity of the appearance of the spot trace was disturbed in 
in two different ways, the first of which is discussed herein. 

Ae the speed of the anode wes increased above 3,500 to4,000 
feet per minute, or when the are current was increased above about 
three hundred amperes, the general appearance of the trace of the spote — 
on the/dnode undervent a gradual change. Figures 13, 14 end 15 dlluste 
ate this change. 

Figure 13. shows that the ate current at the anode probably moved ~ 
in a regular ‘walking’ manner along the anode surface. The high speed 
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motion pictures of the arc, taken by earlier investigators’? ”9%s25 


showed that, at the smaller values of anode specd, the are current at 
the encode spot actually walked from one point to the next, with the are =e 
extinguishing at the first point simultaneously with ite ignition at 
the nest point. Figure 14. shows a few spot ‘doublets’ with their ~ 
common axis oriented transverse to the direction of motion of the 
anode, The question, naturalk arises; were these spote formed by the ~ 
are 'walking' sidewards, or did the are stream split and simulteneously 
anchor at two distinct pointe? Figure 15. shows the general appearance 
of the anode spot trace under those conditions of are current and 
anode speeds when the anode spot trace was composed alaost entirely 
of spot ‘doublets’ and 'triplete’ oriented with their common axis 
transverse to the direction of travel of the anode. 

Because of the irregularity and the high formation frequency of 
these spots on the copper anodes it me impossible to directly verify 
or disprove the simultaneous existance of ‘multiple’ anode spots, either 
by means of high speed photographs or oscillagraph studies. 

The ‘multiple’ spote first showed up on the copper anodes as oceasion~ ~ 
al, reaceuring doublets oriented transverse to the are track, As the 
are current and the speed of the copper anode was increased, sore and 
more doublets appeared among the closely spaced anode spots. At still 
higher values of anode speeds and are current, oecasional spot ‘triplets’ 
were detectable, At the very high values of are current and anode 
speeds, frequent rows of four and five spots, wibh their common axis - 
transverse to the direction of travel of the anode were detectable. ~ 
This fact seems to be sufficient evidence to justify the assumption 
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that more than one anode spot could be formed at a given instant. At 
a later point in thie discussion additional reasons will be advancedte 
support the authors opinion that these ‘multiple’ anode spots were 
probably formed by the are stream splitting and simultaneously €nchor~ 
ing at two or more distinct spots and were not formed by the are stream 
‘walking’ sidewards. 

In the current and speed range investigated, it was only rarely 
that the aluminu: anodes showed any evidences of multiple spots, 
These ‘msultiple' spots on the aluminum anodes occured as one doublet 
pair among several thousands of distinct seperate spots. 

(e). Sinusoidal variations in the recoried anode track 

The second disturbance in the regular uniform appearance of the 
anode spot trace took the following fori, Frequently the,ansde sepot 
trace would make laterial deviations from the trgce line. These lat~ 
eral deviations wuld cecasionally take on « regular pattern for short 
portions of the anode spot track, These deviations, when oecuring, 
appeared to be roughly sinusoidal, A close inspedtion of the nature 
of these brief exeursions showed that they usually appeared to be 
formed by the anode spot attempting to superiapose an angular velocity 
of approximately 2500 revotutions per second on the linear velocity 
produced by the motion of the anode, In an attempt to find a reason 
for these deviations, it was found that the welding generator, used 
as a source for the are current, had an a.¢. component superimposed 
on the d.e, output voltage. The measured frequency of this a,c. 
component was 2550 eyeles per second and its amplitude ws approxin- 
ately two percent of the d.c. output voltage of the machine, There 
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were no other a.c. frequencies of significant emplitude detected in 
the output of the welding generater,. 

Because of the close corretation between the frequency of the id 
a.c. component of the arc current generator output and the apparent 
deviation frequency of the anode spots from their mean treee line, it 
appears feasible to postulete that these exeursions were caused by 
sone type of motor action between the are plasma and the a.c. component 
of the magnetic field created by the a.¢. currents thet flow in the 
anode tape. In particular, the apparent rotational mate of the anode 
spot trace appears to indicate that the are plasua might be approach- 
ing the rotational rate of the armature of an ideal, single phase, 
synchorous moter or that of a very low loss induction motor. 

At the highest anode speeds, because of the apparent tendency 
of the are to fora ‘multiple’ spots, any sinusoidal variations of the 
anode trace that might have existed were partially obscured by the 
existence of these ‘multiple’ spots. At the lowest values of anode 
speed investigated there were an insufficient number of anode spots 
formed during the period of one cycle of the a.c. component of the 
are current generator output for these lateral deveations to appear 
to follow a regular pattern. | 

The formation frequency of the aluminum anode spots was sufficiently 
lower than that obtained on the copper anodes, and the average diameter 
of the anode spots was so mich larger than those on the copper tapes 
thet any evidences of the lateral deviations that might have existed in 
the recorddd anode track on the aluminum anode were obscured by these 
conditions. : 
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NUMBER OF ANODE SPOTS FORMED PER INCH 

Figures 16. ané 17., for aluainusm and copper respectively, show 
the vaiation, with arc current, in the number of anode spots formed 
per inch at vavious values of anode speed. Figures 18. ani 19. are 
a replet of the same information using anode speed as the independant 
variable and the total are current as the parameter. Figure 16, shows, 
that for the alusinum anode, the number of epote formed per inch ineress- 
es with are current and for a given are current, a decrease in the number 
of spote formed per inch can be obtained by an increase in anode speed, 
On the other hand, Figure 17. shows, that for the copper anode, while 
the number of spots formed per ineh also increases with increasing 
are current, for a given value of are current, an increase in the 
anode speed will result in an increase in the number of anode spots 
formed per inch, Figure 1%. shows, that for each value of are current, 
the munber of spots formed per inch, on the aluminum anode, decreases 
and approaches a minimum asyaptotic value for increasing values of 
anode speed, This asyuptotic value seems to increase in an approximate- 
ly linear fashon with increases in are current and requires larger 
values of anode speed to reach the minimus value at the higher values 
of are current. Figure 19. shows that the nusber of spote formed per 
ineh on the copper anode increases and approaches a maximum asynpt- 
otic value for each value of are current. As in case of the aluminum 
anode, thie asymptotic value seems to increase linearly with are 
current. 

These facts seen to indicate that, for the aluminum anode, the 
anode end of the are stream must renain at a given position for a 
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fixed length of time in order te achieve are stability. Thies period 
appears to depend primarily on the value of totel gre current. On the 
other hand, for a stable are to exist, the copper anode seens to require 
that the are plasma be not extended beyond a fixed maximum length, by 
the motion of the anode, before reighition takes place. 


NUMBER OF ANODE SPOTS FORMED PER SECOND 


Figures 20 and 21., for alusinum and copper respectively, show 

the variation, with are current, of the number of anode spote formed 

per second at various values of anode specd, Figures 22, and 23, are 

a replot of the same date using anode speed as the independant vari- 

able and are current as the parameter. As previously nentioned, for 

the aluminum anode, gli the spots formed seened to be created individual- _ 
ly with very little evidence of the existance of ‘multiple’ spots, The 
inerease in the number of spots formed per second, with increasing anode 
speeds, appears to proceed in an orderly fashion as indicated on Figures 
20. and 22, However, for the copper anode, at arc currents above three 
hundred amperes, in the lower range of bhe anode speeds investigated, 2 
and for every value of are current at anode speeds above 4,000 feet 
per ainute, the inerease in the spot formation frequency with an in- 
erease in anode speed or are current was primarly caused by what seened 
te be the rapid growth of the tendancy for two or more anode spots to 
exist concurfently, As previously indicated, « compariagon of Figures 
13. aad 15. show the marked dirrerence in the appearance exibited by 
the anode trace of the mono-spot are and the trace of the mlti-spot 
are, This transition from single spots to ‘multiple’ epote is evidenced 
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in the greatly increased slope of the ‘spots per iach curve plotted 
against arc current in the higher range of anode speeds (Figure 21). 
Ite effects may also be seen in the variation of the slopes of the 
constant current lines plotted on Figure 23, (spote per inch vs anode 
speed), On thie plot it can be seen that, for currents below three 
hundred amperes, the slope of t¥e constant current lines decreases with 
an increase in anode speed, while for currents above bhis value, the 
Slope increases with an increase in anode speed, 


MIGROSCOPIC EXAMINATION OF THE ANODE SPOTS 


(aD. Photographs of the anode spots 

As previously indtested, Figures 13, through 15. show the geueral 
appearance of the are traces on the anode surface, Figure 13.4 8 
typieal of the appearance of all alusimum anode spot traces and also 
of the low anode speed copper anode spot traces. Figure 14. and Figure 
15. are typical of the high speed copper anode spot traces. Figures 
4e through 10, show magnified views of spots for different types of 
anode aaterial, different values of arc current and different values 
of anode speed, To permit the proper visualisation of the size of 
these spots, a scale has been superimposed on these latter Figures. 
Each major division of thie sesle represents a measurement of one 
sixth millimeter on the anode surface. 

(b). The alumimm anode spots 

The views of the spots formed on the aluminum anodes (Figures 

4. to 6.) show four distinot identifiable regions, nanelys~- 

(1). A central portion thet has the appearance of a cireular 
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mound that seems to epproach a relatively sharp point 
(Figure 5.) surrounded by a slight depression or 'moat'. 
Pigure 4. shows the same characteristic mound, except that 
in thie Pigure it avpears as though the mound tip had elle 
apeed to form a slight crater. Figure 6. gives evidence that a4 
a nound hed existed tut the collapse of the central ragion 
was sufficiently extensive to practically obliterate the 
mound, In all instances, the mound and ite surrounding ‘moat’ 
were colored a deep blue, as though the metal had been heated 
above the melting point and then quenched suddenly. 
(2), The next region is enmilar in shape and surrounds the ‘moat’. 
It has a sharply defined outer cirowsference and a slightly 
‘furrowed’ surface, The ‘furrows’ are particularly evident 
in Pigure 5., but they may also be seen in Figures 4. and 6, 

(3). The third region is aleo annular and encompasses the two 
regions previously described. Its surface is relatively 
bright and usually free from surface discolorations, This 
region may most easily be seen in Figures 4. and 5. 

(4). The last distinctive region is a hasy ring around the 

spot and appears to be composed of a thick layer of alunimm 
oxide and a heavy coating of carbon surface deposits. 

All the aluminuz spots examined were composed of the four dis- 
Vinet regions eutiined shove. The relative faspehion of the aressef 
each region changed with changes of are current and anode speed, For 
low values of are current the inner area had a definate mound with « 
‘collapsed’ tip and the moat surrounding the mound was well defined. 
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The best means of locating the limits of this region was ite charact- 
eristic deep blue color. With an inerease in are current the mound 
area increased more rapidly than the other areas, thereby tending to 
obscure te other distinguishable areas. Figure 6. shows the mound 
area occupying practically the entire spot area and only very small 
portions of the other distinct areas visable, 
(4) Rotation of the melted aluminum anode metal 
Ho rotational motion, or vorticity, was evident in the mound 
area, however the furrowed section was invariably grooved in 
gueh a direction es to suggest possible rotational motion of 
the metal, The furrows, as shown by Figures 4. and 5., were 
along lines that appeared to be rotated counter~clockwise 
with respect to the radii extending from the center of the 
spot. 
(44). Effects of the aluminum anode surface condition of the 
spot appearance 
The only material difference that could be distinguished 
among the spots made on the aluminum anodes with different 
surface conditions was in the sise of the outermost character- 
istic area. This haay, darkly colored, area was much larger 
for those anode tapes whose surfaces had originally been 
roughened by means of « steel wire brush, or whose surface 
dirt had not been removed, then were the corresponding areas 
produced on aluminum tapes whose surfaces had be-n cleaned 
with carbon tetrachloride, 
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(ce). The copper anode spots 
As seen in Figures 7, through 10, there were only tw 

distinguishable regions in the. anode spote formed on copper tapes. 
The surface coating of carbon deposits and copper oxide was approximate- 
ly cirevler in shape, In the center of these deposite e emall portion 
of the copper had melted and formed a tiny mound, Surrounding this 
mound was a ususlly sharply defined moat, although at the higher values 
of anode speed the mound with its moat usually had insufficient height 
and depth contrast to permit easy identification, Figures 7. and &. 
show hew clearly the anode spots, on copper tapes, ere defined after 
the surrounding coating of surface deposited carbon has been removed 
by means of a dilute hydrochloric acid bath. 

(4). Rotation of the melted copper anode metal 

Glose inspection of Figure 10, shows the existance of circular 

‘eontour' linse around the copper mound, In a few of the thousands 

of spots examined it was possible to follow a single ‘contour! 

line as it circled the mound two or three times. In all such 

eases the line spiraled in a counterclockwise direction as the 

line was traced from the base towards the tip of the mound, 

indicating a possible counter-clockwise rotation of the molten 

copper. 

(44). Effects of copper anode surface condition on the spot 

appeerance 

Figure 10=a, shows the appearance of a typical anode spot forned 

on a copper tape whose surface had a heavy coating offurface 

oxide which had not been precleaned prior to the run. There is 
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little or no evidence of any tendancy for the copper to become 
sufficiently hot to melt and attempt to form a pip. Although 
the values of are current and anode speed used to obtain the 
spots illustrated in Figures 10. end 10-a, were identicel, there 
is little similarity between the appearance of these spots other 
then the laye® of deposited carbon particles. In the range of 
are currents and anode speeds investigated, only at the lowest 
values of anode speed did a mound develope on a copper anode that 
had not previously had its surface dirt removed by some cleaning 
method. 


ANODE SPOT AREAS 
(a) Area deterhination 
In determining the melted area of the anode spots the major 
and minor diameters of the outer edges of the 'moat’ formed around the 
Copper spote were measured. In the case of the gluninum spote the 
outermost major and minor diameters of the ‘furrowed’ areas were meas~ 
ured, The ‘melted area was then calculated by assuming that the spots 
were elliptical in shape. 
(bd). Plots of the aluninun anode spot areas 
Figures 24. gnd 25. show, for aluminum and copper respectively, 
the variation, with are current, of the average anode spot area at 
selected values of anode speed. Figures 26, and 27. are a replot of 
the same data for constant values of ere current and various values of 
- anode speed, Figure 24. shows, that for anode speeds below a value of 
7,000 feet per minute, the aluminus anode spot area ineréased approx- 
imately linesxly with arc current, For an anode speed of 7,000 feet 
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per minute no appreciable change in the aluminum anode spot area was 
dete@table as the current was varied. Over the limited range of are 
eurrent values investigated, the auode spot areas formed on en aluninun 
anode traveling at 8,000 feet per minute appeared to decrease with 
an increase in are current. From Figure 24. it is to be noted, that 
at an anode speed of 3,165 fect per minute, for the aluninun anode, 
while the individual anode spot areas increased linearly with an 
inerease in are current until a current of about 240 amperes was 
reached, at the greater values of age current, this linear relation- 
ship ms lost. In fact, for are currents between 240 and 330 amperes 
the slope of the plot of anode spot area ve are current in nogitive 
instead of positive, fo a leaser extent, this tendancy of the anode 
spot area to decrease with increases in current, at the larger values 
of arc current, was also noted for the copper anode as pointed out 
below, 

(e). Plots of the copper anode spot areas 

Figure 25. is a plot of the cppper anode average spot area, 

for eonstant values of anode speed, vs are current. The eppearance 
of this plet is very similar to that of Figure 24. which shows the 
Some date for aluainun anodes, However the follewing important 
differences are to be noteds~ 

(4). The areas of the copper anode spots are mech less than the 

Corresponding aluninus spote formed under identical conditions of 

anode speed and ere current, 

(44). The copper anode spot area appears to become approxinately 

constant for all values of arc current at an anode speed of 
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about 5,000 feet per minute as compared with a value of 7,000 
feat per minute for the sluninum anode, 

(444). The change in slope in the plot of spot areagpvident at 
an anode speed of 3,165 fect per minute for the sluminum anode, 
appears to be repeated in the case of the copper anode for anode 
speeds of 3,165 - 5,000 and 7,000 feet per minute, However it 
occurs at a higher value of are current and is much less pronounced. 

At the higher values of anode speed and for the larger values 

of are current the decrease in the individual copper anode spot areas, 
with increasing current, appears reasonable if the proposition of 
simultaneously formed ‘multiple’ anode spots, previously discussed, 
is ac-@pted. However the lack of any other evidence of the existance 
of these ‘multiple’ spets on the aluminum anode maltes the decreasing 
spot area, with increasing are current, difficult to explain. 

Figure 27, showing the variation, with anode speed, of the copper 
anode spot area indicates thet at an anode speed of enproxinately 
5,000 feet per minute the constant current curves pass through ea 
¢ommon point, A comparison with Figure 26, relating te the aluminum 
année, chews that the cunctent cupves tend to appenath'e clatles 
common point at an anode speed of about 7,000 fect per mimte. If 
investigations were to be conducted at much lefger values of arc . 
current then were feasible with the timipment used in these experiments, =~ 
the existance of this common intersection for the aluminum anode might 
be definatly established. 

(4). Limitations in determining spot areas 

Although the anode spote formed at the higher values of 
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anode speed are very regular in appearance and every effort was made 
to measure the actual maximum and miminuc diameters, it is felt that 
the area determination for the extremely small copper spots encountered 
at the highest values of anode speed may be in error by as mich as ten 
percent. This percentage error would arise by uncertainties of the 
order of 1/120 millimeters in the measurement of the major and minor 
diameters of the smallest copper anode spots. Because they were so 
much lagger, the sane uncertainties in the diameter measurements of 
the aluminum anode spote wuld only give rise to errors of about tw 
percent in the spot area determination. 


APPARENT CURRENT DENSITY 


Figures 28, through 31. are plote of the apparent current density 
of the are current entering the anode, These graphs were obtained by 
dividing the are current by the caloulated average area of the anode 
spote, Figures 29, and 31. are particularly interesting. They show 
the variation of the apparent current density of the are current at 
the copper anode, Figure 29, shows, that for epecds above 3,165 feet 
per minute, the curves of constant anode spect when extended below 
the ‘threshoad' current, tend to intersect at « common current density 
of about 115,000 amperes per square centineter, and an are current of 
approximately 180 amperes. Figure 31. shows a much sharper intersection 
of the constant current lines at an anode speed of 4,009 feet per 
‘minute and an apparent current density of 112,000 amperes per square 
eentineter, These definate intersections and the presence of what 
appears to be definite aulti-coexistant anode spots on the copper tapes, 
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at certain combinations of amde speed and are current, seem to be 
fairly conclusive evidence that, for the particular conditions under 
which these experiments were conducted, the actual meximun current 
density that can be supported by a stable are and a copper anode is 
very Close to 112,000 amperes per square centimeter. The author is 
of the opinion thet the apparent current densitics creater than 
122,000 amperse per square centimeter, plotted for anode apeeds above 
4,009 feet por minute, were caused by the erroncous assumption that 
only a single anode spot existed at any civen instant, whereas the 
appearance of the anode traces at speeds above 4,000 feot per minute, 
as shom {in Figures 14. an@ 15, ses to contradict this ascusption. 

If the postulate, that the copper anode will not support, by 
means of « stable arc, an ere current density greater than 112,000 
auperes per square centimeter, at the anode, is true, then sone 
additional reason must be edvance to explain the epparent current 
densities creater then 112,000 anveres per square centimeter (Figures 
29. and 31) esleulate? for the lower values of enode speed and are 
current, 

Figures 2%, and 30, showing the varietion, with arc current and 
anode speed respectively, of the apparent current density at the 
eluminus ancde seen to indicate that investigations at creatly increased 
values of are evPrent and / or snode speed must be undertaken to 
locate the ultimate stable are current density that can be supported 
at an aluminum anode,if such an ultimate value exists. Because the 
trend of the curves of Figure 30, are sinflar to the trend of the 
lower evrrent values of Figure 31. it seems logical to suppose that 
such an ultimate value may exist for the alusinum anode. 


BN 


) 
i 
4 

r 


ee Spt “er ns 


ry 
a 
fe 


a, i os 
t ==, Seer 


c: > 2 ES :  _ — ‘ “ ’ - 
— a » ge ee 


ae ‘ 
= 
re 
= 


ant - . a2 “ he . - * ~ 


IPA nme 


‘. 
j 


Bicone Sy oP 
4 \ : ey 
bu ome se i 
eh ay 
oe . f 
4 ‘ : + al 
r | i 
ie Pew helt Tete 4 
ik 4 
a Bg 2. 4 
ma 4 . 
r ae ’ aoe r 
; 
¥ 
\ 
: 
é : 
\ 
. 
- 
A 
¥ 
’ 
4 
‘ ‘ 
r 
* 
5 . 
fy 
ry 
é - 


47 
TOTAL MELTED ARZA PER SECOND 


Figures 32, through 35. show the variation, with are current and 
anode speed, of the total anode eurface area melted per second, for 
aluminus and copper anodes. These graphs were obtained by aultiplying 
the value of ‘anode spots formed per second' (Figures 20. to 23.) with 
the value of ‘anode spot area’ (Figures 24. to 27.), for selected 
values of are current and enode speed. Figure 32., for alunimm, 
shows that the totel melted area increases in a roughly linear fashion 
with increases in are current, and for a given value of are current, 
the total melted arca is greater for the larger values of anode speed, 
However, at the higher values of anode speed the slopes of the constant 
anode speed curves decreases for increasing values of anode speed as 
shown by Figure 32. (total melted area per second vs anode speed). 
These changes in the slopes of the constant anode speed curves plotted 
of Figure 32, make the constant current curves (Figure 34.) appear “ 
te approach an asymptotic value for each value of are current. These 
curves indicate thet the maximum total area that can be melted by a 
given are current 4s obteined when the current is at, or close to the 
threshold value for a particular value of enode speed. 

Pigure 33, showing the variation, with are current, of the total 
area melted per second, and Figure 35. showing this variation with 
anode speed, for the copper anode, indicates the marked difference in 
the total melted area per second for the various values of are current 
and anode speed. The differences between these curves and the similar 
plote for the alumiaun anodes (Figures 32. and 34.) and the leek of « 
uniforn pattern of variation with changesin anode speed and are current, 
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are apparently caused,either by the unknown factors created by the 
formation of the ‘multiple’ spots an the copper anode surfaces, or 

are the resulte of inaccuracies in the measurements of the very onall 

| copper anode spot areas, However, corrections for the estinated 
mexiaum error of plus or minus ten percent, in the area determination 
of the very small copper anode copper anode spots, would be insufficient 
to materially alter the shapes of the curves shom on Figures 33. ani 
35. Therefore it is beleived that these curves give a true represént~ 
ation of the pattern of variation, wikh anode speed and are qurrent, 

of the total copper anode area nelted per second. 


TOTAL ANODE SURFACE AREA MELTED PER AMPERE PER SECOND 


A plot of the variation, with are current, of the total anode 
surface area melted per ampere per second can be interpreted as a 
measure of the efficiency of the are in transferring energy to the 
anode surface, The term ‘efficiency’ used herein is applied in the 
sence given above, 

Figures 36, and 37. show, for aluminus and copper anodes respect- 
ively, the variation, with are current, of the total anode surfece 
area melted per ampere per second at selected values of anode speed, 
Figure 36, shows, for the aluminum anodes, the efficiency of the are 
increases with an increase in are qurrent for the lower values of are 
ecurreate and anode speeds. However, for the large values of are 
current, the efficiency appears to decrease with increasing current, 
| Thie tendency is particularly evident in the plot for an anode speed 
of 3,165 feet per minute, but it may also be detected in the plot for . 
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the anode speeds of 7,000 and 6,000 feet per minute. This Figureblee 
shows that the melting effeciency, for a given value of are current, 
ean be increased by an increase in anode speed. For any particular 
value of anode speed the most ef*icient utilisation of the are, for — 
melting the anode surface, occurs when the are current is maintained 
at the ‘threshold’ value for the particular value of anode speed, 

Figure 37. shows a similar plot for the copper anode, Here 
again, the appearance of the ‘multiple’ anode spite introduces a factor 
into the calculations for these curves which make it difficult te draw 
any general conclusions concerning the melting efficiency of the are 
between a carbon cathode and a moving copper anode. However there is 
a very slight similarity between Tigures 36, and 37, that can be 
noticed, In both figures the melting efficiency of the are increases 
with an inerease in are current at the lower values of anode speed, 
and decreases with increases in are current for the higher values of 
anode speed. 
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The resulta of the investigations discumsed im this paper way be 


gummariaed as followsi- 


(aje 


(be 


(a) 


(a) 


The wethed of inveotigating phencuena at the anode of an 
electric are botwean moving electrodes hae been extended 

to encoxpass anode apecds appfoacshing 10,000 feet per 

minutes 

Tho existance of » 'threahold! or minimut required value of 

are ourrent for the formation of a stable are between moving 
G@leetrodes ms been verifinds | 

The variation, with emod« speed, of thie thredheld' ars 
@urrent has been aeagured and found to be difverant for the 
ga9e9 of moving alumimm and copper anodes at a fixed seper~ 
ation of 1/3 inah fee @ carbon ewtinodes the 'thromiold' current 
imoreasea Linearly with anode speed, at opeods above 3,000 
fest per minute and is higher for copper anodes than for 

the copper arede 'throsholé’ current asyuptotically avpreaches 
© value of about 60 mmperecy witie the altmimm anode 'threaold! 
asymptotically epproaches a Yalue of about 40 amperes, 
The dependence upon surface condition of this variation, 

that 0 thin rrease coating on the sepper ance had no mengurable 
effect on the value of 'threckold' eurrents Wowever, although 
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(e). 


(f). 


(g). 


(h). 


(4). 


the same thin grease coating on the aluminum anode also had 
negligable effects, at speeds below 2,000 fect per minute, 
it lowered the 'threshold' current appreciably for anode 
speeds above 3,990 feet per minute, 

The probable regular foraation of multiple concurrently 
existing anode spots on copper anodes was detected at all 
values of arc current, for anode speeds of 5,000 feet per 
minute and greater, and for are currents of 390 amperes or 
greater at anode speeds es low ae 3,990 feet per minute. 
It was determined that the maximum apparent current density 
that a copper anode azpsers te-be able to support, by means 
of a stable are, is approximately 190,990 amperes per square 
centineter, 

For aluninus anodes, apparent current densities of the order 
of 60,909 anperes per square centineter were noted, but this 
value does not appear to be the maximum value that can be 
supported by means of a stable arc. 

Per woth sleuiaus end copper anodes, appavent setatienal 
motion in @ counter-clockwise direction, of the melted netal 
in the anode spot was noted over the entire range of anode 
speeds and are currents investigated. 

For aluminum anodes an unexpleined decrease, with increasing 
are current, in the individual anode spot areas, the tetal 
enode surface ares melted per second, and the apparent melt- 
ing efficiency of the are, ee 
280 amperes end an anode speed of 3,165 fect per minute, 
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(j). 


(i). 


For alumimm anodes traveling at 7,000 fect per minute, 
increasing the arc eurrent had no effect off the anode spot 
areas and at anode speeds of 8,000 feet per minute, increases 
in are eurrent appeared te cause a decrease in the anode spot 
areas, Similarly for copper anodes, speeds of 5,000 feet per 
minute appeared to prevent any changes in the anode spot areas 
with change in are current, while speeds above 5,099 Feet per 
minute, the anode spot areas decreased with increases in are 
current. 

It was noted that, at speeds above 3,000 feet per minute, the 
copper anode would not melt and form a reised anode spot, -if 
the anode surface was covered with a relatively heavy coating 
of copper oxide and a thin coating of gfease. 
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Figure 1, 


Figure 2. 


Pigure 3. 
Figure 4s 
Figure 5. 
Figure 6. 


Figure 7. 


LIST OF TABLES AND ILLUSTRATIONS 


~ General view of the high anode speed direst current 
are test apparatus 


~- View of the anode wheel and cathode mounting showing the 
are shorting red in pos&tion for etarting the are, 


~ View of an anode tape mounted on the anode wheel showing 
the partitioning accomplished by means ed the insulating 
tapes. 


~ Characteristic anode spot formed en an sluminum anode at 
an anode speed of 3,165 feet per minute and an are current 
of 105 amperes. 


- Characteristic anode spot forued on an alunimm anode at 
an anode speed of 3,165 feet per minute and ~n are current 
of 205 aaperes. 


~ Characteristic anode spot forsed an an aluminum anode at 
an anode speed of 3,165 feet per minute and an arc current 
of 295 amperes. 


~ Characteristic anode spot formed on a copper anode at an 
speed of 3,165 feet per minute and an are current 
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Figure 13. 


Figure 14. 


Figure 15. 


Figuze 16. 


Figure 17. 


Figure 18, 


Figure 19. 


Figure 20. 


Figure 21. 


Figure 22. 


Figure 23. 


Pigure 24. 


Figure 25. 


Figure 26. 


Figure 27. 


View of typical trace of anode spots recordéd on a copper 
anode for low values of anode speed. Anode speed 3,165 
feet per mimte, are current 140 amperes. (Note alusinuz 
anode epot traces are similar for all velues of anode 


speed and are current.) 


View of anode spots on copper anede showing the trace 


appearance when sligh@ evidence of ‘multiple’ 
first detedted, 
are current 200 amperes. 


View of anode spot on copper anode when numerous 
spots exist. Anode speed &,000 feet per minute, are 
current 320 amperes. 


Variation, with are eurrent, of ‘Spots pre inch’ 
selected values of anode speed. Alwainum anode, 


Variation, with are current, of ‘Spots per inch* 
selected values of anode speed. Copper anode. 


Variation, with anode speed, of 'Spots per inch’ 
selected values of are current, uminum anode. 


Variation, with anode apesd, of 'Spets per inch’ 
selected values of are current. Copper ancde. 


spots are | 
Anode speed 5,900 feet per minute, 


‘multiple’ 


at 


at 


at 


at 


Variation, with are current, of ‘Spots per sécond' at 


selected values of anode speed. Alueinw anode. 


Variation, with are curreti, of ' Spots per second’ at 


selected values of anode speed. Copper anode. 


Variation, with anode speed, of ' 


selected values of are current. uminum anode, 


per second’ at 


ere Re a at, oF * Spots per second’ at 
Copper anode. 


selected values of are current, 


ae withhre current, of ‘Anode spot area‘ 
selected values of anode speed, Aluminum anode. 


at 


Variation, with afe current, of ‘Anode epet area’ at 


selected values of anode specd. Copper anode, 


Variation, with anode speed, of ‘Anode spot area’ at 


selected values of are current. Aluninum anode. 


Variation, with anode speed, of ‘Anode snot area’ at 


selected values of are current. Copper anhde. 


oy} - aS Psa ah 7 pe , 


, 


ise "int oF es ow Spit 
. Ske li Ui ty oa 


is , 
‘ % ad | 


( Ci a ae q 


Figure 22, 
Figure 29. 
Figure 30, 
Figure 31. 
Figure 32. 
Figure 33. 
Figure 24. 
Figure 35. 
Figure 36. 


Figure 37, 


Variation, with are current, of the ‘Anode spot apparent 
current density’ at selected values of anode speod, 
Alusinus anode. 


Variation, with are current of the * Anode spot apparent 
eurrent 


densify' at selected values of anode speed. Copper 


Variation, with anode speed, of the ' Anode spot apparent 
current dénsity' at selééted values of are current. 
aluminum anode. 


a with anode speed, of the ' Anode spot apparent 
t densify’ at selected values of are current, 
compel anode. 


Variation, with are current, of *Totel anode surface erea 
melted per second’ at selected values of anode speed. 
Aluninum anode. 


Variation, with are current, of ' Total anode surface area 
melted per second’ at selected values of anode speed. 
Copper anode. 


Variation, with enode speed, of 'Total anode surface area 
melted per second’ at selected values of are current, 
Aluminum anode 


Variation, with anode speed "Totel anode surface area 
melted per seeond' ee Se ee oe 
Copper anode, 


Variation, with are current, of 'Totel andde surface area 
melted per ampere per second’ at selected values of anode 
speed. Aluninum anode. 


Variation, with are current, of ‘Total anode surface 
melted per ampere per second' at selected values of 
speed, Copper anode. 


Table I EXPERIMENTAL WINS CONDUCTED 
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TABLE I 


EXPERI‘ENTAL RUNSCONDUCTED 


Aluminum 1,000 to 40 t2. 150 Threshold current 
(grease counted) 8,000 determination 
Aluninus 1,000 te 49 to 300 1 Sane 
(elean) 8,000 

1,000 to 80 to 300 15 gane 
(grease coated) 3,000 
Gepper 1,000 to 80 to 3000Ss«a15 "game 
( clean) 8,000 
Aluminun 1,000 80 to 200 5 Approximately 25 
(clean) ; 
Aluminua 2,000 80 to 200 §® sane 
( clean) 
Copper 2,000 80 to 200—Cfss® eons 
(elean) 
Aluminus 3,165 80 to 330 as” Approximately 20 
( elean) ampere steps 
Copper 3,165 138 to 340 gv” sane 
ae ll 5,000 150 to 220-7” 

20 ampere steps 

(elean) ( repeated) 
Copper 5,000 200 to 340 Phd Approximate}y 20 
(lean) ampere steps 
Aluninun 7,000 220 to 3009 Approximately 10 
( clean) ampere steps 
Copper 7,000 250 to 240 «= 6* Approximately 15 
( elean) ampere steps 

8,000 300 to 3404 Two at each end, 
( lean) 
Copper 8,000 300 to 320 & Tw at each end, 
Superseript ‘a’ indicates one run conducted with uneleaned surface, 


Superseript 'b! SAR ENNS AE Sh OTS ‘roughened' surface. 
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Figure 1. 


General view of the high anode speed direct 
current test apparatus. 
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View of the anode wheel and the cathode mounting. 
The are shorting rod is showm in positdon for 


starting the arc. 


igure 3. 


View of an agjode tape mounted on the anode wheel 


showing the partitioning accomplished by insulating 


tapes. 


Charecteristic anode spot formed on am alunimum 
ano-ie. 

Anofie speed = 3,165 ft./min., current 105 amps. 
Sonler= 1 inch to %85 millineters 


Figure 5, 


Figure 6. 


Characteristic anode spot formed on aluminun 
tape, 

Anode speed < 3,165 ft./ain., current 295 amps. 
Sealese 1 inch to 0,85 millineters. 


Figure 7, 


Chavecteristic anode spot forwed on copper tape, 
after hydrochloric acid wash removed carbon deposits. 
Anode speed = 3,165 ft./ming, currekt 140 amps. 
Seales % inch to 0,85 nillineters. 
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Figure &, 


Characteristic 
anode spot formed on 

copper anode, 
after hydrochloric aeid wash Bemved carbon deposits 
Anode speed - 3,165 ft./uin., current 300 amps 
Seales~ 1 inch to 0.85 millineters, 


Figure 9, 


Characteristic anode spot formed on copper tape. 


Anode speed ~ 3,165 ft./nin., current 140 amps. 
Scale>- \ -siwek. - Lex jie. 6" willy meeters. 
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Figure 10-0 


Characteristic anode spot formed on ‘dirty* 
copper tape. 

Anode speed - 3,165 ft./min., current 330 amps. 
Seales- 1 ineh to 0,85 millineters 


| 
] 
| 
| 


66 


OYV HLIM dOY¥dG WILN3LOd 
SAYAdWV -LNIYYND OYV 


00 


NIW 


- SJQGONV 


O00€ 


isa 


4M3dd09 GNV WANINNIW  4OJ 
ouv «40 


O000L 


a ee oe Bene oe ee Pe ae oe he Gf 


NOILVIYVA ie 


| re 
A? ie 

4 lw 
“ GG. 
> 

o> 

oO u © 


oO 


Ol 


OS 


& 
m 


Ov 


OS 


os 


OUV 


WILN3SLOd 


SLIOA —dOUd 


a in — - » 3 Onety EE ——— — = —— ee 


% SQGONvV YaddOD GNVY 3dONV WANIWNTV wO0sS G33dS 
3d0¥L9313 HLIM LN3SYYND ONIHSINONILXS 4O NOILVINVA @sl BYNDIS 


SLANIN: Bad Lasa=-dasds” SUONy 


‘eller; 0009 COOY 000d O 
6) 
| 
| | 
| | | 
| : 
ee Le | Z | OS 

| | 

eee ) exe 

Ear OSI 

| 
i Teaie 00Z 
ae ar OSZ2 


oo¢c 


OS NIHSINONILXS 


SAY3dWV- LNAYYNO 


cece cccemue 
’ 1 
¥ ‘Swiss sown inc wr we i 
| | . 
| . 
en as ch 


View ef typtesl trecs of anode spots on copper 
tape for léw values of anode speed. 

Anode speed 3,165 ft./rin,, current 140 saps. 
Seeter-t-ineh to 0,85 ailtineters 
(Noter—tiueimm anode traces are sintler for 
#11 values of ensde speed.) 
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View of typical trace of anode spots on copper 
tape showing alight evidences of ‘miltiple’ spots. 
Anodes speods~ 5,000 ft./mine, currént 200 amps. 
Seales- 1 inch to 2 inches, 


View of typical trace of anode spouts on copper 


tape, showing définate evidences of ‘multiple’ spots. 


Anode speeds- 8,000 ft./uin., current 320 amperes. 
Sealet- | wee to Z inches. 
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1.64.67 
Thesis McManus 

M2535 Anode phenomena of direct 
current arcs between moving 
electrodes. 


